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ABSTRACT 

Probe  deployment  from e l l i p t i c a l  p a r k i n g  o r b i t s  
a round  Mars i s  i n v e s t i g a t e d .  The s t u d y  i s  based  on a 
2 4  hour  p a r k i n g  o r b i t  w i t h  a p e r i a p s i s  a l t i t u d e  of  1 0 0  n.m. 

I n j e c t i o n  o f  p r o b e s  f rom s u c h  a p a r k i n g  o r b i t  can  
be pe r fo rmed  f o r  l e s s  t h a n  1 0 0  f t / s e c ,  b u t  t h e  r a n g e  of  e n t r y  
a n o m a l i e s  i s  l i m i t e d  t o  on ly  a b o u t  4 d e g r e e s .  

The r a n g e  o f  e n t r y  a n o m a l i e s  c a n  be  i n c r e a s e d  by  
a l l o w i n g  a g r e a t e r  d e o r b i t  AV a n d / o r  chang ing  t h e  o r i e n t a t i o n  
o f  t h e  p r o b e ' s  p a r k i n g  e l l i p s e  w i t h  r e s p e c t  to t h e  a p p r o a c h  
h y p e r b o l a .  A AV o f  1 0 0 0  f p s ,  e . g . ,  a l l o w s  a 60" r a n g e  i n  e n t r y  
anomaly.  Fo r  a l i f t i n g  e n t r y  w i t h  L/D = . 3 6 ,  a n  a d d i t i o n a l  
27O, a p p r o x i m a t e l y ,  r a n g e  i n  l a n d i n g  p o i n t  anomaly i s  a v a i l a b l e  
t h r o u g h  s e l e c t i o n  o f  t h e  f l i g h t  p a t h  a n g l e  a t  e n t r y .  

By compar i son ,  a AV o f  a p p r o x i m a t e l y  1 2 0 0  f p s  i s  r e -  
q u i r e d  f o r  deployment  f rom a 115  n.m. a l t i t u d e  c i r c u l a r  o r b i t .  
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MEMORANDUM FOR FILE 

I N T R O D U C T I O N  

P l a n e t a r y  p robe  i n j e c t i o n  from h y p e r b o l i c  f l y b y  
t r a j e c t o r i e s  was i n v e s t i g a t e d  i n  two p r e v i o u s  memoranda 1 3 2  . 
For a Mars s t o p o v e r  m i s s i o n  it w i l l  be assumed t h a t  t h e  space -  
c r a f t  o r b i t s  t h e  p l a n e t  on an e l l i p t i c a l  o r b i t .  Probe de-  
ployment from t h i s  e l l i p t i c a l  p a r k i n g  o r b i t  i s  i n v e s t i g a t e d  
on t h e  bas i s  of  two c r i t e r i a :  AV e x p e n d i t u r e  and r a n g e  cove rage  
on t h e  p l a n e t a r y  s u r f a c e .  

ELLIPTICAL ORBITS AND ENTRY C O N D I T I O N S  

The e l l i p t i c a l  o r b i t  a round Mars t h a t  was c o n s i d e r e d  
i s  c h a r a c t e r i z e d  b y :  

2 4  h o u r s  P e r i o d  o f  r e v o l u t i o n  

P e r i a p s i s  Radius  1 0 0  N . M .  

( T h i s  c o r r e s p o n d s  t o  an  a p o a p s i s  r a d i u s  of  abou t  e l e v e n  p l a n e t a r y  
r a d i i .  ) 

E n t r y  c o n d i t i o n s  were as f o l l o w s :  

E n t r y  a l t i t u d e :  7 0 0 , 0 0 0  F t .  

E n t r y  a n g l e :  -13.5 and -15 .5  Degrees  

The h i g h e r  f l i g h t  p a t h  a n g l e  would r e s u l t  i n  a 5 g l o a d  
f a c t o r  f o r  a n  Apol lo  t y p e  e n t r y  v e h i c l e  w i t h  L/D = . 3 6 ,  w h i l e  
t h e  s h a l l o w e r  a n g l e  was chosen as a l i m i t  below which t h e  r a n g e  
s e n s i t i v i t y  becomes e x c e s s i v e .  

ANALYSIS 

It i s  r e q u i r e d  t o  f i n d  a c o n i c  s e c t i o n  t h a t  d e p a r t s  from 
t h e  p a r k i n g  e l l i p s e  and e n t e r s  t h e  a tmosphere  a t  t h e  c o n d i t i o n s  
g i v e n  above.  Reference  i s  now made t o  F i g u r e  1, which shows t h e  
p a r k i n g  e l l i p s e  and one such t r a n s f e r  e l l i p s e .  I t  i s  assumed t h a t  
t h e  s p a c e c r a f t  t r a v e l s  on t h e  p a r k i n g  e l l i p s e  i n  c o u n t e r - c l o c k w i s e  
d i r e c t i o n .  A t  p o i n t  P* hav ing  a n  anomaly 0 "  a p robe  i s  deployed  
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w i t h  a v e l o c i t y  inc remen t  AV such  t h a t  i t  f o l l o w s  t h e  t r a n s f e r  
e l l i p s e  shown and e n t e r s  t h e  a tmosphere  w i t h  t h e  r e q u i r e d  e n t r y  
c o n d i t i o n s  a t  p o i n t  P2 w i t h  anomaly e 2 .  

d e t e r m i n e s  t r a n s f e r  c o n i c s  d e p a r t i n g  from s p e c i f i e d  anomal i e s  
a l o n g  t h e  p a r k i n g  o r b i t  and a l l  e n t e r i n g  t h e  a tmosphere  a t  one 
e n t r y  anomaly and e n t r y  a n g l e .  The d e r i v a t i o n  of  t h e  e q u a t i o n s  
used  i n  t h e  program i s  g i v e n  i n  t h e  Appendix.  

A computer  program named ELPAR was deve loped  t h a t  

O f  p a r t i c u l a r  i n t e r e s t  among t h e  many p o s s i b l e  t r a n s f e r  
c o n i c s  i s  t h a t  combina t ion  o f  deployment  and e n t r y  anomaly g i v i n g  
t h e  smallest  deployment  AV r e q u i r e m e n t .  Graph 1 A  shows a p l o t  o f  
deployment AV v s .  t h e  anomaly of  t h e  deployment  p o i n t  w i t h  e n t r y  
anomaly as p a r a m e t e r ,  f o r  a n  e n t r y  a n g l e  o f  -15.5 d e g r e e s .  Graph 
1B shows t h e  c o r r e s p o n d i n g  p l o t  f o r  an  e n t r y  a n g l e  of  -13.5 
d e g r e e s .  From t h e s e  g r a p h s ,  it may be s e e n  t h a t  f o r  most o f  t h e  
a n o m a l i e s ,  t h e  deployment AV l i e s  above 1 0 0 0  f t / s e c .  The parameter 
c u r v e s  f o r  e n t r y  anomal i e s  between a b o u t  310 and 335 d e g r e e s  have 
some p o i n t s  between 1 0 0  and 1 , 0 0 0  f t / s e c  and o n l y  f o r  a ve ry  
nar row range  o f  abou t  5 deg rees  i n  e n t r y  anomal i e s  does  t h e  AV ex- 
p e n d i t u r e  go below 1 0 0  f t / s e c .  On Graph 2 ,  t h e  min. AV of e a c h  of 
t h e  pa rame te r  c u r v e s  o f  Graph 1 has been p l o t t e d  V S .  t h e  e n t r y  p o i n t  
anomaly. T h i s  g r a p h  shows even more d i s t i n c t l y  t h e  ve ry  nar row 
r e g i o n  o f  e n t r y  anomal i e s  f o r  which t h e  deployment AV goes  below 
1 0 0  f t / s e c :  between 328-332 d e g r e e s  f o r  a -13.5 d e g r e e s  e n t r y  
a n g l e  o r  324-328 degrees for a n  e n t r y  a n g l e  of  -15.5 d e g r e e s .  

A small  change i n  p e r i a p s i s  a l t i t u d e  does  n o t  change t h e s e  
r e s u l t s  s i g n i f i c a n t l y .  I n c r e a s i n g  i t  from 1 0 0  n.m. t o  130 n.m. 
f o r  t h e  -15.5 d e g r e e  e n t r y  i n c r e a s e d  t h e  minimum AV r e q u i r e m e n t  
by abou t  2 0 % .  

An i n c r e a s e  i n  t h e  p e r i o d  o f  r e v o l u t i o n  t o  48 h o u r s ,  
c o r r e s p o n d i n g  t o  an a p o a p s i s  r a d i u s  o f  a lmos t  1 8  p l a n e t a r y  r a d i i ,  
g i v e s  a minimum AV o f  approx ima te ly  one h a l f  o f  t h a t  o f  t h e  
s t a n d a r d  c a s e .  A r e d u c t i o n  t o  1 2  h o u r s  which c o r r e s p o n d s  t o  a n  
a p o a p s i s  r a d i u s  of  a l i t t l e  ove r  s i x  p l a n e t a r y  r a d i i  i n c r e a s e s  t h e  
minimum deploymentAA%l t o  about  85 f t / s e c .  

I n  a l l  t h e  p r e v i o u s  c o n s i d e r a t i o n s ,  i t  has been assumed 
t h a t ,  upon a p p r o a c h i n g  t h e  p l a n e t  on a h y p e r b o l a ,  t h e  t r a n s f e r  
from t h e  h y p e r b o l a  t o  t h e  p a r k i n g  e l l i p s e  i s  e x e c u t e d  a t  p e r i a p s i s ,  
which p r o v i d e s  t h e  most economical  t r a n s f e r .  The  o r i e n t a t i o n  of  
t h e  p a r k i n g  e l l i p s e  w i t h  r e s p e c t  t o  t h e  h y p e r b o l a  may be  changed 
by t r a n s f e r r i n g  i n t o  t h e  e l l i p s e  b e f o r e  or a f t e r  p e r i a p s i s  p a s s a g e ,  
or t r a n s f e r r i n g  from p e r i a p s i s  o f  t h e  h y p e r b o l a  t o  a n o n - p e r i a p s i s  
p o i n t  of t h e  e l l i p s e .  T h i s  i s  e s s e n t i a l l y  t h e  i n v e r s e  problem as 
d e s c r i b e d  by H .  S .  London i n  Re fe rence  3 .  A computer program 
INVSMP, t h a t  u t i l i z e s  t h e  method d e s c r i b e d  t h e r e i n ,  was used  t o  
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o b t a i n  t h e  r e s u l t s  g i v e n  i n  Graph 3 .  Data were r u n  f o r  V m  = 

1 6 , 0 0 0  and 2 2 , 0 0 0  f t / s e c ,  and f o r  changes i n  o r i e n t a t i o n ,  A +  
o f  t h e  major  a x i s  of t h e  e l l i p s e  o f  + 50 d e g r e e s .  

c r a f t ,  t h i s  maneuver i m p l i e s  t h a t  t h e  probe  (which may be a 
manned l a n d i n g  c a p s u l e )  would o r b i t  on and e n t e r  from a n  e l l i p s e  
h a v i n g  a d i f f e r e n t  o r i e n t a t i o n  t h a n  t ha t  o f  t h e  p a r e n t  s p a c e c r a f t  
s i n c e  t h e  l a t t e r  e l l i p s e  w i l l  have a n  o r i e n t a t i o n  t h a t  a p p r o x i -  
m a t e l y  minimizes  t h e  t o t a l  AV f o r  Mars c a p t u r e  and e s c a p e .  It 
may even  b e  n e c e s s a r y  t o  s e p a r a t e  t h e  probe  from t h e  p a r e n t  
s p a c e c r a f t  a few days  ahead  of t i m e  i n  o r d e r  t o  approach  t h e  
p l a n e t  on a h y p e r b o l a  w i t h  a d i f f e r e n t  p e r i a p s e  a l t i t u d e .  

- 

I f  t h e  m i s s i o n  i s  a r o u n d t r i p  w i t h  a manned space -  

Comparison of  Graph 2 and Graph 3 shows t h a t  e a r l y  
o r  l a t e  i n j e c t i o n  i s  about  t w i c e  a s  e f f e c t i v e  i n  i n c r e a s i n g  t h e  
l a n d i n g  cove rage  as chang ing  t h e  e n t r y  p o i n t  anomaly on t h e  pa rk -  
i n g  e l l i p s e .  According t o  Graph 2 ,  t h e  anomaly of  t h e  e n t r y  
p o i n t  may b e  changed abou t  1 8  d e g r e e s  i n  one d i r e c t i o n  and 9 
degrees  i n  t h e  o t h e r  ( v s .  t h e  minimum AV e n t r y  p o i n t )  f o r  a n  
e x p e n d i t u r e  o f  1 , 0 0 0  f t / s e c  on t h e  nominal e l l i p s e .  If t h e  same 
AV e x p e n d i t u r e  i s  a p p l i e d  t o  t h e  e a r l i e r  o r  l a t e r  t r a n s f e r  from 
t h e  approach  h y p e r b o l a  t o  t h e  p a r k i n g  e l l i p s e ,  t h e  l a t t e r  may, 
a c c o r d i n g  t o  Graph 3 ,  be  r o t a t e d  abou t  30 d e g r e e s  on e i t h e r  s i d e .  
A minimum AV e n t r y  may t h e n  be e f f e c t e d  from t h i s  e l l i p s e .  

S i n c e  t h e  s l o p e  o f  Graphs 2 and 3 a r e  n o t  un i fo rm,  i t  
w i l l  o c c a s i o n a l l y  pay t o  combine b o t h  methods f o r  changing  t h e  
anomaly o f  t h e  e n t r y  p o i n t .  For  a AV e x p e n d i t u r e  below 1000 
f t / s e c ,  t h e  s l o p e  on Graph 3 i s  s m a l l e r  t h a n  t h e  one on Graph 2 ,  
and t h e  whole maneuver shou ld  b e  made b y  e l l i p s e  o r i e n t a t i o n .  
Fo r  l a r g e r  AV's, i t  w i l l  p a y  t o  have a p o r t i o n  o f  i t  expended by  
u s i n g  an off-optimum e n t r y  anomaly (Graph 2 ) .  The r a t i o  o f  t h e  
two c o n t r i b u t i o n s  w i l l  have t o  be s e l e c t e d  a c c o r d i n g  t o  t h e  s l o p e s  
o f  t h e  r e s p e c t i v e  c u r v e s .  

When e n t e r i n g  t h e  Mar t i an  a tmosphere  w i t h  an  e n t r y  a n g l e  
o f  -15 .5  d e g r e e s ,  i t  takes  a p robe  w i t h  L/D = 0.36 about  700 n.m. 
or 2 2  d e g r e e s  t o  r e a c h  t h e  s u r f a c e  ( see  F i g u r e  2 . ) .  T h i s  d i s t a n c e  
becomes t w i c e  as l a r g e ,  i . e . ,  44' when e n t e r i n g  t h e  a tmosphere  a t  
a n  a n g l e  of -13.5'.  Fu r the rmore ,  e n t r y  takes p l a c e  5' f u r t h e r  
downrange. A s  a consequence ,  a n  a r c  o f  27O may b e  covered  on 
t h e  p l a n e t a r y  s u r f a c e  by changing  t h e  e n t r y  a n g l e  between -13.5 
t o  -15 .5 .  T h i s  adds d i r e c t l y  t o  t h e  r ange  v a r i a t i o n  which can  b e  
o b t a i n e d  by s e l e c t i o n  o f  t h e  c a p t u r e  and/or  d e o r b i t  maneuver.  

For compar ison ,  runs  were made from a c i r c u l a r  o r b i t .  
The a l t i t u d e  of t h e  o r b i t  was 700,000 f t  (115  n .m.)  and t h e  e n t r y  
a n g l e  -6 .0  d e g r e e s  which p r o v i d e s  abou t  t h e  same r a n g e  s e n s i t i v i t y  
as t h e  -13 .5  d e g r e e s  e n t r y  f o r  t h e  e l l i p s e .  The minimum AV 
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r e q u i r e m e n t  i s  1 1 8 0  f t / s e c .  Due t o  symmetry, any e n t r y  anomaly 
w i t h i n  t h e  o r b i t  p l a n e  may be r e a c h e d  on t h e  p l a n e t .  The v a r i a -  
t i o n  o f  AV v s .  t h e  anomaly of t h e  deployment p o i n t  f o r  a n  e n t r y  
p o i n t  anomaly o f  0 d e g r e e s  i s  shown on Graph 4 .  The deployment  
v e l o c i t y  inc remen t  r ema ins  f a i r l y  c o n s t a n t  ove r  a wide r a n g e  o f  
deployment  a n o m a l i e s .  A f u r t h e r  a d v a n t a g e  of  t h e  c i r c u l a r  p a r k -  
i n g  o r b i t  i s  o f  c o u r s e  t h e  f a c t  t h a t ,  d u r i n g  a twenty- four  hour  
p e r i o d ,  t h e  c i r c u l a r  o r b i t  having  a p e r i o d  of 1 . 8  hour s  p r o v i d e s  
a b o u t  1 3  l a u n c h  o p p o r t u n i t i e s  w h i l e  o n l y  one l a u n c h  o p p o r t u n i t y  
i s  p r o v i d e d  from an e l l i p t i c a l  p a r k i n g  o r b i t .  The e s c a p e  o r  
c a p t u r e  AV f o r  a c i r c u l a r  o r b i t  i s  o f  c o u r s e  c o n s i d e r a b l y  l a r g e r  
t h a n  f o r  a n  e l l i p t i c a l  o r b i t .  

C O N C L U S I O N S  

P robes  t o  Mars may b e  dep loyed  from an  e l l i p t i c a l  
p a r k i n g  o r b i t  h a v i n g  a p e r i a p s i s  a l t i t u d e  of  1 0 0  n.m. for l e s s  
t h a n  1 0 0  f t / s e c .  Th i s  r e s u l t  does  n o t  change s i g n i f i c a n t l y  b y  
i n c r e a s i n g  o r  d e c r e a s i n g  t h e  p e r i o d  D f  r e v o l u t i o n  by a f a c t o r  o f  
twc or i n c r e a s i n g  t h e  p e r i a p s i s  a l t i t u d e  by  3 0 % .  

The r a n g e  o f  e n t r y  anomal i e s  f o r  which t h e  deployment 
AV goes  below 1 0 0  f t / s e c  i s  very  l i m i t e d :  328-332 d e g r e e s  f o r  
an  e n t r y  a n g l e  o f  -13 .5  deg rees  and 324-328 d e g r e e s  f o r  a n  e n t r y  
a n g l e  o f  -15.5 d e g r e e s .  The p robe  h a s  t o  be deployed  c l o s e  t o  
a p o a p s i s  i n  o r d e r  t o  o b t a i n  t h e s e  e n t r y  a n o m a l i e s .  

Changing t h e  o r i e n t a t i o n  o f  t h e  p robe  p a r k i n g  e l l i p s e  
w i t h  r e s p e c t  t o  t h e  f l y b y  hype rbo la  (Graph 3 )  i s  abou t  t w i c e  as 
e f f e c t i v e  i n  i n c r e a s i n g  t h e  range  o f  e n t r y  anomal ies  as compared 
w i t h  deployment from non-optimum p o i n t s  on t h e  nominal  e l l i p s e .  
YUI 1 0 0 0  f t / s e c  t h e  o r i e n t a t i o n  o f  t h e  p r s b z  n.-,nlr:nn* pul  rr l l lF i  e l l i p s e  can  
b e  changed by abou t  - + 30 d e g r e e s .  

d e g r e e s  p r o v i d e s  an  a d d i t i o n a l  r a n g e  i n  l a n d i n g  anomal i e s  o f  27  
d e g r e e s .  

Tl - 11 

V a r i a t i o n  of  t h e  e n t r y  a n g l e  from 1 3 . 5  d e g r e e s  t o  1 5 . 5  

Almost 1 2 0 0  f t / s e c  i s  r e q u i r e d  f o r  deployment from a 
115 n.m. a l t i t u d e  c i r c u l a r  o r b i t .  For t h i s  AV, however,  any 
anomaly on t h e  c i r c u m f e r e n c e  may be r e a c h e d .  

1 0  13-  J JS-pap 
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A P P E N D I X  

D E R I V A T I O N  O F  E Q U A T I O N S  D E F I N I N G  T H E  T R A N S F E R  T R A J E C T O R Y  

L e t  t h e  p a r k i n g  e l l i p s e  be  d e f i n e d  by i t s  p e r i a p s i s  
a l t i t u d e  hn (n . f i .1  and i t s  p e r i o d  o f  revo1u. t ion  P ( s e e )  a round 

3 2 a p l a n e t  hav ing  a g r a v i t a t i o n a l  c o n s t a n t  p ( f t  / s e e  ) and a 
r a d i u s  R ( f t )  . 

c- 

From these  e l e m e n t s ,  t h e  semi-major a x i s  i s :  

and t h e  e c c e n t r i c i t y :  

L e t  t h e  t r a n s f e r  e l l i p s e  be d e f i n e d  by  t h e  e n t r y  r a d i u s  r2 ( f t ) ,  

t h e  e n t r y  f l i g h t  p a t h  a n g l e  y2 ( d e g ) ,  and t h e  t r u e  anomaly of  
t h e  e n t r y  p o i n t  w i t h  r e s p e c t  t o  t h e  p a r k i n g  e l l i p s e  e2. 
t h e  a n g l e  between t h e  d i r e c t i o n s  o f  t h e  p e r i a p s i d e s  o f  t h e  e l l i p s e s  
and 4, t h e  ar,omaly of' t h e  e n t r y  p o l n t  W i t h  Tespez t  t o  t h e  t r a n s f e r  
e l l i p s e .  Then: 

L e t  a be  

$ *  = e 2  + a 
S i m i l a r l y  f o r  t h e  deployment p o i n t  P*:  

$ *  = e *  + a 
The e q u a t i o n  of t h e  t r a n s f e r  c o n i c  w i t h  p ,  s e m i l a t u s  r ec tum,  may 
b e  w r i t t e n  a s :  

(1) 1 Pt cos $ *  = - e ( 7 - 1 )  
t 
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Appendix ( C o n t i n u e d )  

for t h e  deployment  p o i n t  and as :  

for t h e  e n t r y  p o i n t .  

S u b s t i t u t i n g  ( 2 )  i n t o  (1) and c o l l e c t i n g  terms: 

F u r t h e r m o r e ,  t h e  r e l a t i o n  

may be used  and  s u b s t i t u t i n g  ( 2 )  for pt  i n  (4) above  

(e t  c o s  9, + 1) t a n  y2 
s i n  $ = 

et 2 

and s o l v i n g  f o r  et 

t a n  Y 2  
- c o s  $ 2  t a n  y 2  t s i n  o2 e =  

S u b s t i t u t i n g  ( 5 )  above  for et i n  ( 3 ) .  

s i n  $2 
+ c o s  #82 

2 r 
cos 0"  = (-p -1) 

t a n  Y2 

and w i t h :  

s i n  4 = s i n  ( e 2  t a )  = s i n  e 2  c o s  a + c o s  e 
2 2 

s i n  a 

C O S  o2 = cos  ( e 2  t a )  = c o s  e 2  c o s  a - s i n  e 2  s i n  a 

C O S  4 "  = c o s  ( e *  t a )  = c o s  e *  c o s  a - s i n  e *  s i n  a 
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Appendix (Continued) 

arid furthermore setting 

= c  ' 2  1 
(P - ') tan y 2  

and solving for c1 

cos e *  - cos e2 - c sin O2 
sin e *  - sin e tan c1 = + c cos e 2  2 2  

This determines the inclination between the two conics 
and permits to determine the elements of the transfer conic. 
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